Mesoporous Y zeolites were prepared by the sequential chemical dealumination (using chelating agents such as ethylenediaminetetraacetic acid, H 4 EDTA, and citric acid aqueous solutions) and alkaline desilication (using sodium hydroxide, NaOH, aqueous solutions) treatments. Specifically, the ultrasound-assisted alkaline treatment (i.e., ultrasonic treatment) was proposed as the alternative to conventional alkaline treatments which are performed under hydrothermal conditions. In comparison with the hydrothermal alkaline treatment, the ultrasonic treatment showed the comparatively enhanced efficiency (with the reduced treatment time, i.e., 5 min vs. 30 min, all with 0.2 mol$L -1 NaOH at 65°C) in treating the dealuminated Y zeolites for creating mesoporosity. For example, after the treatment of a dealuminated zeolite Y (using 0.1 mol$L -1 H 4 EDTA at 100°C for 6 h), the ultrasonic treatment produced the mesoporous zeolite Y with the specific external surface area (S external ) of 160 m 2 $g -1 and mesopore volume (V meso ) of 0.22 cm 3 $g -1 , being slightly higher than that by the conventional method (i.e., S external = 128 m 2 $g -1 and V meso = 0.19 cm 3 $g -1 ). The acidic property and catalytic activity (in catalytic cracking of n-octane) of mesoporous Y zeolites obtained by the two methods were comparable. The ultrasonic desilication treatment was found to be generic, also being effective to treat the dealuminated Y zeolites by citric acid. Additionally, the first step of chemical dealumination treatment was crucial to enable the effective creation of mesopores in the parent Y zeolite (with a silicon-to-aluminium ratio, Si/Al = 2.6) regardless of the subsequent alkaline desilication treatment (i.e., ultrasonic or hydrothermal). Therefore, appropriate selection of the condition of the chemical dealumination treatment based on the property of parent zeolites, such as Si/Al ratio and crystallinity, is important for making mesoporous zeolites effectively. (Wang N), yljiao@imr.ac.cn (Jiao Y), xiaolei.fan@manchester.ac.uk (Fan X) Front. Chem. Sci. Eng. 2020, 14(2): 275-287 https://doi.
Introduction
Zeolites as a class of crystalline porous materials with intrinsic micropores (i.e., < 1 nm) are being used considerably by industry as adsorbents and catalysts due to their high specific surface areas, excellent hydrothermal stability, inclusion of acidity and ion exchange ability. For catalytic application, zeolite Y (faujasite, FAU type), with the intrinsic low silicon-to-aluminium (Si/Al) ratio of~2.6 and 12-member ring windows of a three-dimensional (3D) channel system (with the pore width of~0.74 nm), has been widely used in fluid catalytic cracking (FCC) after its successful synthesis by Breck in 1964 [1] , representing the most important technical breakthrough in petrochemical conversions. The microporous structure of zeolite Y imposes the accessibility and diffusion limitation on their applications, which is one of the primary contributing factors to the catalyst deactivation [2] , due to the coke deposition covering acidic sites and/or clogging the micropores [3, 4] . Therefore, to improve the catalytic performance of zeolites, especially FAU zeolite Y for FCC, it is necessary to make zeolites with hierarchical meso-micro-pores (or mesoporous zeolites) to mitigate the accessibility and diffusion limitation. Common strategies for making hierarchical zeolites can be categorised into the destructive (top-down) and constructive (bottom-up) methods [5] . Although the bottom-up method can remarkably enhance pore accessibility by soft [6, 7] or hard templating [8] , the associated cost and environmental issues (of using templates) can be problematic for largescale applications in industry [9] . The top-down method, which creates the intracrystalline mesopores by the postsynthesis dealumination and/or desilication (via steaming, chemical treatment, acid and base washing) [9] [10] [11] [12] [13] , is simple and effective, as well as being practical for industrial adoption.
Dealumination involves the extraction of framework Al species, and it is commonly achieved by steaming, acid and chemical treatment using mineral (e.g., hydrochloric acid [14] ) and organic chelating agents (or chelators such as ethylenediaminetetraacetic acid, H 4 EDTA [15] and citric acid [16] ). Chelators not only provide the hydronium ions (for the hydrolysis of framework Al species) but also complex non-framework Al species to water-soluble complexes which can be easily removed from the zeolite framework [15, 17] . Particularly for the pristine FAU Y zeolite with low Si/Al ratios of 2.4-2.6, dealumination is also necessary to reduce the framework Al concentration, and thus improving its thermal stability for harsh FCC reaction (500°C-550°C) and regeneration (650°C-760°C) steps [2, 18] . Desilication via the alkaline treatment is generally effective for zeolites with high Si/Al ratios ( > 20) , such as ZSM-5 (Mobile FIve, MFI type) [19] , beta (BEA type) [20] , mordenite (MOR type) [12] , to create hierarchical mesopores. Direct desilication of pristine Y zeolite is not effective since the high concentration of framework Al species protects the framework Si against the attack by OH -. Accordingly, the sequential dealumination and alkaline treatments of zeolite Y were proposed, creating mesoporous Y zeolites effectively, in which the first step of dealumination helps to remove the framework Al partially from the pristine Y zeolite, and the second step of alkaline treatment has multiple functions, including (i) removing the debris remaining in the zeolite framework by dealumination treatment, (ii) enabling the desilication for improving the intracrystalline mesoporosity, and (iii) facilitating the recrystallisation to recover the crystallinity partially. Verboekend et al. performed the chemical treatment of a parent Y with Si/Al = 2.4 for dealumination (using H 4 EDTA and ethylenediaminetetraacetic acid disodium salt, Na 2 H 2 EDTA, at 100°C for 6 h), and then alkaline treatment (using aqueous NaOH solution at 65°C for 30 min), and created hierarchical Y zeolites with high specific mesopore areas (S external , up to 388 m 2 $g -1 ) and mesopore volumes (V meso > 0.1 cm 3 $g -1 ) [21] . Accordingly, for the pristine Y zeolite, the preliminary dealumination to increase the bulk Si/Al ratio is the prerequisite for the subsequent alkaline treatment to be effective for desilication, and thus the creation of hierarchical mesoporosity [22, 23] .
Although the post-synthesis treatment is robust, effective and practical, the associated drawbacks, such as being energy intensive (e.g., the steam generation for steaming and lengthy operation at elevated temperatures for acid leaching and chemical treatment), still need to be addressed for improving the sustainability of such protocols and the resulting mesoporous zeolites. Over the past years, process intensification of zeolite synthesis using alternative energy such as microwave and ultrasound has been proposed and researched and found to be greener and safer than the conventional hydrothermal synthesis at high temperatures (80°C-200°C) and autogenous pressures of the aqueous synthesis solution [24] . Such process intensification strategies are also extended to post-synthesis modification of zeolites such as microwave-assisted dealumination [25, 26] and desilication [27] .
Ultrasound irradiation (with frequencies > 20 kHz) has proven to be very useful in organic synthesis and synthesis of nanomaterials (known as sonochemistry) [28] . Ultrasound can be transmitted through solids, gases and liquids. In liquids, longitudinal vibrations of molecules cause cavitation (i.e., the rapid formation and collapse of cavities or bubbles in a liquid medium), being responsible for most of the ultrasonic physical and chemical effects [28] . For post-synthesis treatment systems for zeolite modification, i.e., liquid-solid systems of zeolite slurry, cavitation due to ultrasound irradiation may make the additional microscopic stirring effect, intensifying the treatments by improving the local mass transfer [29] . Ultrasound-assisted desilication of zeolite Y (Si/Al = 2.6) has been attempted by Oruji et al. for preparing Y zeolites with mesoporous features [30] . The alkaline treatments were performed with 0.5 mol$L -1 NaOH at 30°C for various treatment durations (i.e., 20, 40 and 60 min) under ultrasound irradiation (at 20 kHz with a probe sonicator). However, the use of ultrasound seemed not to intensify the post-synthesis alkaline treatment, and the ultrasonic treatment produced the resulting Y zeolites with mesopore surface area < 10 m 2 $g -1 and volume < 0.05 cm 3 $g -1 , which can hardly be classified into mesoporous zeolites. Such results can be expected, as discussed above, because it is very difficult to achieve effective desilication due to the high concentration of framework Al species in the pristine Y zeolite. Even under severe alkaline conditions (e.g.,≥3 mol$L -1 NaOH and≥65°C), mesoporosity cannot be introduced in zeolite Y effectively [23] . Therefore, to utilise ultrasound irradiation for intensifying desilication, either using the parent zeolites with high Si/Al ratios (i.e., > 20, for the one-step direct alkaline treatment) or developing relevant sequential dealumination-alkaline treatment strategies for the parent zeolites with low Si/Al ratios, especially the pristine zeolite Y, is necessary to realise the desired effect, i.e., making mesoporous zeolites.
In this work, we explored the possibility of using ultrasound irradiation to intensify the alkaline treatment step in the sequential post-synthesis treatment of pristine zeolite Y, aiming at preparing hierarchical Y zeolites more efficiently than the conventional sequential method under hydrothermal conditions. The first-step chemical treatment of the pristine Y zeolite for dealumination was performed under hydrothermal conditions using different chelating agents, concentrations and treatment time. Then the second step of alkaline treatment (of the dealuminated Y zeolites) was performed comparatively using the conventional hydrothermal treatment and ultrasound-assisted treatment in the NaOH solution at 65°C. The resulting Y zeolites are comprehensively characterised regarding their physical and chemical properties such as crystallinity, porosity, Si/ Al ratio and acidity, as well as being assessed using the model cracking reactions, demonstrating the effectiveness of the developed ultrasonic treatment to improve the sequential post-synthesis treatment for making mesoporous Y zeolites.
Materials and methods

Sequential post-synthesis treatments under hydrothermal conditions
For all experiments in this study, the parent ammonium zeolite Y was purchased from Zeolyst International (i.e., CBV 300, molar Si/Al ratio = 2.6), and was used as received. H 4 EDTA (titration,≥99%, Aldrich), citric acid (ACS reagent,≥99.5%, Aldrich) and NaOH (reagent grade, 97%, Aldrich) were all used as received.
For chemical treatment of the parent zeolite Y using different chelators, zeolite Y (4 g for each experiment) was dispersed in 50 mL of aqueous solution of citric acid and H 4 EDTA with different concentrations (in a three-neck flask) and mixed well, then treated hydrothermally at 100°C (temperature was maintained by immersing the flask in an oil bath) under stirring and reflux for different durations from 30 min to 6 h. After the chemical treatment, the system was cooled down to room temperature, and the dealuminated sample was separated from the solution by centrifugation (at 4400 r$min -1 ). Then, it was washed thoroughly with deionised water for 5 times and dried at 100°C in an oven overnight to obtain the dry dealuminated sample.
For alkaline treatment under the hydrothermal condition, a dry dealuminated sample was treated in 0.2 mol$L -1 NaOH solution at 65°C under stirring for 30 min. The desilicated sample was then separated by centrifugation, washed with deionised water for 5 times and dried at 100°C before characterisation. The yield after the treatment was determined by comparing the dry mass of the resulting material against the weight of the starting material.
Sequential post-synthesis treatments involving the ultrasound-assisted alkaline treatment
The same procedure was used to obtain the dry dealuminated sample. For ultrasound-assisted alkaline treatment, the dry dealuminated sample was dispersed in 0.2 mol$L -1 NaOH solution and sonicated at 65°C for 5 min by immersing the flask in an ultrasonic bath (U500H, 50-60 Hz). The resulting sample was subject to the same work-up procedure before characterisation.
Loss of materials was inevitable during the sequential post-synthesis treatments and the work-up procedure. Therefore, blank experiments (i.e., treating the parent zeolite using the same procedures with the deionised water) were performed to estimate the sample weight loss due to the protocol. The relevant weigh losses for chemical and alkaline treatments are about 5% and 6%, respectively. The samples were named accordingly as aY-b-c-d, where a is the acronym of chelators used (i.e., EA for H 4 EDTA and CA for citric acid) in chemical treatments, b is the concentration of chelator, c is the time of the chemical treatment, and d is the condition used for alkaline treatment of desilication (i.e., HT for the hydrothermal treatment and S for the ultrasonic treatment), respectively.
Characterisation of materials
Powder X-ray diffraction (XRD) patterns of materials were obtained using a Philips X'Pert X-ray diffractometer with monochromatised CuKα 1 radiation (40 kV, 30 mA, λ = 1.5406 Å). XRD data were recorded in the 2q range of 5°-40°with an angular step size of 0.0168°and a counting time of 1.167°$min -1 . The relative crystallinity (RC, using the XRD pattern of the parent zeolite Y as the reference with 100% RC) of the modified zeolites was calculated using the Integrated Peak Area Method [31] . The total integrated peak area of the eight peaks corresponding to the 15.7°, 18.7°, 20.4°, 23.6°, 27.0°, 30.7°, 31.4°, and 34.1°w as calculated for determining the RC values of the modified zeolites (Eq. (1)).
RC¼ X
Integrated peak area of the modified Y zeolite X Integrated peak area of the parent Y zeolite Â 100%;
(1) Nitrogen (N 2 ) adsorption-desorption analysis was performed at -195°C on a Micromeritics 3Flex Surface Characterisation Analyser to characterise the porous property of materials. Prior to the measurements, 120 mg samples was degassed at 350°C under vacuum overnight.
Specific surface areas of samples were calculated by the Brunauer-Emmett-Teller (BET) method. The pore size distribution was obtained by the Barrett-Joyner-Halenda (BJH) method using the adsorption branch of isotherms. The micropore surface area, micropore volume and external surface area were obtained by the t-plot method. The morphology of samples was obtained by field emission scanning electron microscope (SEM, FEI Inspect F50 operating at 5 kV accelerating voltage) and field emission transmission electron microscope (TEM, FEI Tecnai F20 with the operating voltage of 200 kV). An energy-dispersive X-ray fluorescence (EDXRF) spectrometer (PANalytical MiniPal 4 EDXRF) was used to determine the elemental composition of materials, and hence the calculation of bulk Si/Al ratio of zeolites. Ammonia temperature programmed desorption (NH 3 -TPD) analysis of the acidity of zeolites was carried out on a Micrometrics AutoChem II 2920 chemisorption analyser (100 mg sample), and the relevant technical details of NH 3 -TPD analysis are described elsewhere [32] .
Catalysis
Selected zeolites were ion-exchanged using 1 mol$L -1 aqueous ammonium nitrate (NH 4 NO 3 , ≥98%, Aldrich) solution at 80°C for 24 h and calcined at 500°C (heating rate = 5°C$min -1 , 3 h) to be evaluated using cracking reactions with n-octane as the model compound. The catalysis was performed at 350°C using a fixed bed reactor (I.D. = 10 mm) with 1 g pelletised zeolite diluted with glass beads. Before the catalytic reaction, the catalyst bed was preheated at 350°C for 2 h, then n-octane (0.1 mL$min -1 with N 2 as the inert carrier gas at 240 mL$min -1 ) was introduced to initiate the cracking. The cracking products were analysed using an in-line gas chromatograph (Agilent 7890B) equipped with a flame ionisation detector (FID) and Agilent PoraPLOT Q column.
Results and discussion
For the pristine Y zeolite with a low Si/Al ratio of~2.6, dealumination before the alkaline treatment is necessary to improve mesoporous structures. Therefore, to compare the effectiveness of hydrothermal (at 65°C for 30 min) and ultrasonic (at 65°C for 5 min) alkaline treatment in modifying the dealuminated Y zeolites, the treatment time (30-360 min) of the first-step chemical dealumination (with 0.1 mol$L -1 H 4 EDTA solution) was varied. The yield of materials after the chemical treatment for dealumination (DA) and the overall sequential treatment are showed in Fig. 1 . All yield values were corrected according to the blank experiments. By varying the time of DA treatment from 30 min to 6 h, the relevant yields are measured at 80%AE5%, suggesting the extraction of Al species from the pristine zeolite Y. After the second step of alkaline treatment, regardless of the ultrasonic or hydrothermal method, comparable overall yields were obtained at 70%AE 5%, indicating the removal of Si species under the alkaline conditions. XRD patterns of EAY zeolites in reference to that of the parent zeolite Y are shown in Fig. 2 , and the calculated RC values of the zeolites are summarised in Table 1 . In general, EAY zeolites obtained by different post-synthesis treatments, regardless of the duration of the chemical dealumination treatment or the method used by desilication, show the analogous crystalline properties such as the characteristic diffraction peaks. However, it is noticeable that, in comparison with the parent zeolite Y, the relevant XRD characteristic peaks shifted towards high 2q, suggesting the decrease of unit cell parameter [33] . Since the content of framework Al in the zeolite is proportional to unit cell parameter, the findings confirm the extraction of framework Al species during the sequential treatments. Especially for EAY-0.1-6h-HT and EAY-0.1-6h-S, the shift is comparably significant, suggesting the effective dealumination by treating the parent Y for 6 h. The extraction of Al species from the parent Y zeolite is also confirmed by XRF analysis, as shown in Table 1 , showing that all EAY zeolites have larger Si/Al ratios than that of the parent Y (Si/Al of~2.6). Specifically, based on the Si/ Al ratios of the materials, the chemical treatment seems to require at least 3 h to be effective for dealumination, i.e., the Si/Al ratio of EAY zeolites treated for £3 h is comparable at 3.92AE0.07, while that treated for 6 h has the ratio of 4.32AE0.1.
Based on the calculated RC values, EAY zeolites became less crystalline with the extension of the treatment time used by the chemical dealumination treatment. By extending the time of dealumination from 30 min to 6 h, RC values of the resulting materials by the ultrasonic and hydrothermal alkaline treatment are about 89% and 71%, respectively. Comparing the alkaline treatments after the same dealumination treatment, EAY zeolites obtained by the ultrasonic treatment shows the relatively low crystallinity than that by the hydrothermal treatment, e.g., RC EAY-0.1-6h-S = 64% vs. RC EAY-0.1-6h-HT = 71%.
The textural property of the resulting materials was analysed by N 2 physisorption, and the corresponding adsorption-desorption isotherms and the BJH pore size distributions (PSD, obtained from the adsorption branches of isotherms) are shown in Fig. 3 . The parent Y exhibits a typical Type-I isotherm for microporous materials, whereas all EAYs show the hysteresis loop which is the evidence of the presence of mesoporous features in the materials. Concerning the mesoporosity in EAYs, the chemical treatment with the treatment time of < 3 h was less effective in comparison with the 6 h treatment. This is evidenced by the corresponding specific mesopore volumes (V meso ) and external surface areas (S external ) presented in Table 2 , in which the EAYs dealuminated for < 3 h show V meso = 0.1AE0.01 cm 3 $g -1 and S external = 64AE9 m 2 $g -1 . Comparatively, for EAY-0.1-6h-S and EAY-0.1-6h-HT, the values for V meso and S external are higher than 0.19 cm 3 $g -1 and 120 m 2 $g -1 , respectively. According to the previous work by Kerr [15, 34] , the chemical dealumination treatment of zeolite Y using EDTA relies on the hydrolysis of framework Al species, which needs hours to be effective to produce non-framework Al species. Conversely, the complexation of non-framework Al species using EDTA is relatively fast to extract Al species and create defective framework to make mesoporosity. Based on the same chemical dealumination treatment, the consecutive ultrasonic alkaline treatment was relatively more effective than the hydrothermal alkaline treatment and delivered better results regarding the mesoporous features of the relevant EAY zeolites. For example, V meso values for EAY-0.1-6h-S and EAY-0.1-6h-HT are 0.19 cm 3 $g -1 and 0.22 cm 3 $g -1 , respectively. According to SEM and TEM analyses, exemplified by EAY-0.1-6h-S and EAY-0.1-6h-HT, surface defects and mesoporous structures were observed for EAY zeolites, suggesting the effectiveness of the sequential post-synthesis treatments under study for creating hierarchical mesoporous structures in the pristine zeolite Y. Also, as shown in Figs. 3(b) , (d) and (f), PSDs of the obtained EAY zeolites all have the monomodal distribution centred on~8.5 nm.
As discussed above, the ultrasound-assisted alkaline treatment of dealuminated zeolite Y is comparatively effective and efficient to make mesoporous Y zeolites, especially compared with the conventional alkaline treatment under the hydrothermal condition. The ultrasound irradiation enables the rapid extraction of Si species from the dealuminated zeolite framework [35] , leading to the structural defects in the resulting EAY zeolites, and thus the relatively low crystallinity ( Table 1 , compared to the EAY zeolites obtained by the hydrothermal alkaline treatment). Previously, the direct ultrasound-assisted alkaline treatment of the pristine Y zeolite (Si/Al = 2.6) was reported, stating that the mesoporous Y zeolites were obtained [30] . However, the obtained zeolites only have insignificant mesoporous features, especially V meso < 0.1 cm 3 $g -1 . Accordingly, it is difficult to classify such zeolites as mesoporous zeolites. By using the sequential chemical and ultrasound-assisted alkaline treatment, the EAY zeolites represent a 5-fold increase of the mesopore volume and a 14-fold increase of the mesopore area in comparison to the Y zeolites reported by Oruji et al. [30] . The findings of this study suggest that dealumination of the parent zeolite is necessary before the ultrasound-assisted alkaline treatment for preparing mesoporous zeolites via the post-synthesis modification of zeolites with low Si/Al ratios, exemplified by the Y zeolite.
The developed protocol facilitated by ultrasonication is generic, which was proved by using citric acid (CA) as the chelator in the chemical dealumination step. Citric acid has been used commonly in the post-synthesis dealumination of various zeolites such as ZSM-5 [36] [37] [38] , zeolite beta [39] [40] [41] and zeolite Y [3, 11, 16, 42, 43] with few studies using CA in the sequential treatment [11, 21, 42] . For example, Xing et al. [42] performed the sequential hydrothermal treatment of zeolite Y using 0.17 mol$L -1 citric acid for dealumination (4 h) and 0.1 mol$L -1 NaOH for desilication (6 h), and introduced a large amount of mesopores in the resulting zeolite (V meso = 0.29 cm 3 $g -1 ). Li et al. prepared the hierarchical Y zeolite with high mesoporosity with V meso = 0.34 cm 3 $g -1 using a sequential chemical (with 0.15 mol$L -1 citric acid for 1 h) and alkaline treatment (0.8 mol$L -1 NaOH for 0.5 h) [3] . However, the structure directing agent (SDA, i.e., tetrabutylphosphonium hydroxide, TBPH) was employed during the alkaline treatment to enable the mesopore formation. Although the reported methods are effective in creating mesopore in Y zeolite, they require lengthy treatment time and SDAs, which may be improved using the developed ultrasonic method in the sequential treatment. Therefore, the sequential chemical treatment of the parent Y zeolite using citric acid for dealumination and followed by the hydrothermal and ultrasonic alkaline treatment were performed to demonstrate the effectiveness of using ultrasound irradiation to improve the alkaline treatment.
During the chemical dealumination treatment using citric acid, two treatment durations of 1 h and 3 h and three citric acid concentrations (i.e., 0.1, 0.14 and 0.16 mol$L -1 ) were used, and the relevant yields and XRD patterns of the resulting CAY zeolites are presented in Fig. 5 . Overall, the findings regarding the yield and XRD analysis of CAY are in line with that of EAY zeolites. An increase of the treatment time of chemical dealumination from 1 h to 3 h with citric acid caused the slight decrease of DA and overall yields ( Fig. 5(a) ), revealing the insignificant effect of treatment time ( < 3 h) on the extent of dealumination. The RC value and Si/Al ratio of CAY zeolites are shown in Table 3 , showing that the two features do not have the strong correlation with the chemical treatment time under study (i.e., < 3 h). By comparing the two methods used for the alkaline treatment, they showed the comparable performance regarding the yield. Again, the ultrasonic desilication treatment was found more intensive than the hydrothermal one, as shown in Table 3 , producing the CAY zeolites with lower RC values, e.g., 86% for CAY-0.1-1h-HT vs. 83% for CAY-0.1-1h-S. Figure 5(b) presents the XRD patterns of the materials, showing that the characterised peaks of CAY zeolites from the ultrasonic treatment shift more to high 2q compared to that by the conventional hydrothermal desilication. All findings confirm the effectiveness of the ultrasound irradiation in the alkaline desilication treatment, being able to extract Si species from the dealuminated Y zeolites efficiently.
Compared to the method using H 4 EDTA as the chelator, the one employing citric acid delivered the mesoporous Y zeolites with similar yields and RC values after the sequential treatments. Since the ability of citric acid for removing framework Al species is comparable with that of EDTA, the effective dealumination with the concentrated citric acid and short treatment time may be possible. This a) by the t-plot method; b) pore size range = 2-50 nm, calculations were based on the cumulative pore volume using the BJH method; c) single point adsorption total pore volume at p/p 0 = 0.99. hypothesis was confirmed by the relevant yield and XRD data of CAY-0.14-1h-S and CAY-0.16-1h-S, as shown in Fig. 5(a) and Table 3 . Moreover, for the comparatively severely dealuminated Y zeolites, i.e., the CAY zeolites produced using concentrated citric acid solutions (i.e., 0.14 and 0.16 mol$L -1 ), the ultrasound-assisted alkaline treatment was also very effective. All CAY zeolites were analysed by N 2 physisorption analysis, as shown in Fig. 6 . It is clear that after the sequential treatment (using citric acid for dealumination), all samples present hysteresis loops at the middle to high relative pressure, which are typical features for mesoporous zeolite with the Type IV isotherm. These hysteresis loops and high crystallinity (without amorphous phase), as well as the TEM analysis of the selected CAY zeolites (as shown in Fig. 7) , prove that intracrystalline mesopores were successfully introduced into the parent Y zeolite. N 2 isotherms of the hydrothermally desilicated CAYs show similar uptake values at low relative pressure, but being slightly smaller than that of the ultrasonically desilicated CAYs and the parent Y. When 0.1 mol$L -1 citric acid was used for dealumination, the subsequent ultrasonic alkaline treatment showed relatively better effectiveness than the hydrothermal treatment, as shown by the comparison of mesoporous features of the resulting CAY zeolites in Table  4 (e.g., values of S external ). Additionally, by comparing the CAY zeolites with the relevant EAY zeolites (both treated using 0.1 mol$L -1 chelating agents for 1 h and 3 h), it was found that citric acid is more effective than H 4 EDTA to perform the first-step chemical dealumination treatment, which led to the comparatively improved mesoporous features in the resulting zeolites (Tables 2 and 4 ). PSDs of CAY-0.1-1h and CAY-0.1-3h zeolites are shown in Fig. 6(b) , showing that the mesopores in these samples are centred around 9 nm.
Based on the ultrasonic desilication treatment, the effect of citric acid concentration (i.e., 0.1, 0.14 and 0.16 mol$L -1 ) used in the chemical dealumination treatment on the mesoporosity of the resulting CAY zeolites was studied. As expected, an increase in the concentration of citric acid in the dealumination step caused the decrease of the yield (Fig. 5(a) ) and relative crystallinity (Table 3) , as well as the increase of the Si/Al ratio of the final CAYs, suggesting the important role of the chelator concentration in removing the framework Al (based on the same treatment time), and hence the effectiveness of mesopore formation at the end of the sequential treatment.
By comparing the relevant N 2 isotherms, CAY-0.16-1h-S shows the lowest uptake at the low relative pressure compared to CAY-0.1-1h-S and CAY-0.14-1h-S, suggesting severe dealumination, and hence the damage of the microporous crystalline domain. Table 4 shows that the micropore surface area of CAY-0.16-1h-S is appreciably low at only 236 m 2 $g -1 , while that of CAY-0.1-1h-S and CAY-0.14-1h-S is above 530 m 2 $g -1 . Comparatively, CAY-0.14-1h-S possesses the best combination of the mesoporous and microporous features with high external and micropore surface area of 206 and 531 m 2 $g -1 , respectively, as well as the specific pore volumes (Table 4) .
Considering the mesoporous property of the resulting zeolites, the developed sequential method employing ultrasound is as effective as the previously reported ones such as the sequential chemical treatment (using EDTA [21] or citric acid [44] )-alkaline treatment, sequential steaming-chemical treatment (using EDTA) [45, 46] , sequential chemical treatment (using citric acid)-surfactant-templating method [16, 47] and sequential acid leaching (using HCl)-alkaline treatment [21] . For CAY-0.16-1h-S, the sequential treatment using the highly concentrated citric acid caused the excessive Al extraction, and hence the destruction of the zeolite framework, leading to the collapse of the framework. This is also reflected by comparing the RC values of the relevant samples, and CAY-0.16-1h-S shows the lowest one at 69%. Selected samples were ion-exchanged and analysed by NH 3 -TPD to compare the effect of different sequential treatments on the acidic property of the resulting materials in reference to the parent Y, and the obtained results are presented in Fig. 8(a) and Table 5 . All zeolites exhibited the typical NH 3 desorption behaviour corresponding to the Y zeolite, being in line with the previous findings [31] . The desorption peaks can be deconvoluted into two which are related to the weak ( < 200°C) and strong acidic sites ( > 300°C), respectively ( Table 5 ). Compared to the acidic property of the parent Y, the sequential post-synthesis treatments, regardless of the chelator and the desilication method used, caused the decrease of strong acidity, i.e., 0.818 mmol$g -1 for the parent Y vs. < 0.618 mmol$g -1 for the mesoporous Y. Based on the same first-step chemical treatment, the conventional hydrothermal and the proposed ultrasound-assisted alkaline treatments are equivalently effective, producing mesoporous zeolites with the comparable acidic property, as shown in Table 5 . The selected mesoporous zeolites along with the parent Y were assessed by the comparative catalytic cracking of n-octane at 350°C. Figure 8(b) shows the absolute conversion of n-octane over different zeolites as a function of time-on-stream. All catalysts show the comparable initial activity close to ) than the latter (about 0.12 cm 3 $g -1 ). Therefore, although the strong acidity is relatively low in EAY zeolites (compared to the CAY zeolites, Table 5 ), the well-developed mesopores facilitate the accessibility and diffusion of molecules in their frameworks, leading to the improved performance in the cracking reaction. CAY zeolites deactivated gradually over time at the rate of about -1%•h -1 . More importantly, the catalytic tests show that during the sequential postsynthesis treatments, the developed ultrasound-assisted method (in the alkaline treatment) is as effective as the conventional hydrothermal method, however, the efficiency of the ultrasonic method is better than the hydrothermal one, i.e., the reduction in the treatment time by 6-fold.
Conclusions
Mesopore zeolites are practical solutions to solve the accessibility issues experienced by the pristine microporous zeolites in the important chemical conversions, especially petrochemicals. Therefore, the continuous development and innovation of preparing various types of mesoporous zeolites are necessary to improve the sustainability of zeolites and the processes (not limited to the catalytic petrochemical conversions) using zeolites, contributing to the sustainable development of the industry and society. In this work, sequential post-synthesis chemical dealumination and desilication of the pristine Y zeolite (with Si/Al of~2.6, the most important catalyst for FCC to produce gasoline range organics) was performed to prepare mesoporous Y zeolites. H 4 EDTA was first used as the chelating agent in the study, and the effect of the dealumination treatment time (30 min to 6 h) and the method for desilication, i.e., hydrothermal and ultrasonic desilication, on the creation of mesoporosity was investigated. It was found that, for the pristine Y zeolite, the condition used by the dealumination step in the sequential treatment is critical for creating mesopores. When 0.1 mol•L -1 H 4 EDTA was used, if the dealumination treatment was performed for < 3 h, the sequential method was not very effective for making zeolites with mesoporous features, e.g., S external < 100 m 2 $g -1 . More importantly, the ultrasound-assisted desilication treatment of the dealuminated zeolites was found effective in the sequential treatment method to facilitate the creation of mesopores, being more efficient than the conventional hydrothermal dealumination treatment with the reduced treatment time, i.e., 5 min vs. 30 min. The effect of the ultrasound irradiation on the desilication is generic, which was confirmed by the comparative work using the citric acid dealuminated Y zeolites. In addition, based on the same first-step chemical treatment, the developed ultrasonic alkaline treatment method was as effective as the hydrothermal alkaline treatment, which was evidenced by the analysis of the porous, acidic and catalytic properties of the selected mesoporous zeolite analogues. The findings from this work emphasised that the ultrasound irradiation is a promising alternative to the conventional hydrothermal heating, being more energyand time-efficient, in the sequential post-synthesis dealumination-desilication method for making hierarchical mesoporous zeolites.
